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HIGHLIGHTS

GRAPHICAL ABSTRACT

• Synthesis and characterization of a
new magnetically supported Mo6+
complex nanoparticles have been
reported and used as catalyst.
• The catalyst was used for the
epoxidation of olefins, using
cyclooctene as a model substrate to
optimize the reaction conditions.
• The catalyst showed excellent
conversions, good turn over
frequencies, and short reaction
times for the epoxidation of
olefins.
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ABSTRACT

Article history:

In this work, the synthesis and characterization of a new magnetically supported
Mo6+ complex have been reported as a catalyst for epoxidation of olefins. For this
purpose, a new silylating compound containing a birhodanine moiety, i.e. [(E)-5-(3(3-(trimethoxysilyl)propyl)-4-oxo-2-thioxothiazolidin-5-ylidene)-3-phenethyl-2thioxothiazolidin-4-one] (TMOS-BIRD) has been synthesized and used for silylation of
magnetite nanoparticles (MNPs). The magnetically supported catalyst was then prepared
by deposition of dioxomolybdenum(VI) adduct, dichlorobis(dimethylformamide)
dioxomolybdenum (MoO2Cl2(dmf)2), on MNP@BIRD. The prepared supported
magnetic catalyst was characterized in detail by FT-IR, transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), X-ray diffraction (XRD), vibrating sample
magnetometry (VSM) and energy-dispersive X-ray (EDX) analyses. Cyclooctene was
used as a model substrate to optimize the epoxidation reaction conditions, and the
prepared magnetically retrievable catalyst was then used for epoxidation of cyclohexene,
cyclooctene, styrene, indene, trans-trans-cis-1,5,9-cyclododecatrien, 1-octene, 1-heptene,
α-pinene, 1-dodecene and trans-stilbene using tert-butyl hydroperoxide (TBHP) as
oxidant under solvent-free conditions. The catalyst showed excellent conversion, good
turn over frequency, and a short reaction time at 95 °C for epoxidation of cyclooctene.
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1. Introduction
As a very important class of organic chemicals,
epoxides have attracted a great deal of attention from
an industrial point of view. They are significant starting
materials for industrially valuable products such as
drugs, epoxy resins, intermediates and surfactants [1,2].
In recent decades, epoxidation of olefins by transition
metal complexes has been regarded as the conventional
route [3]. Dileep and Rudresha reported the synthesis
of an immobilized copper complex onto 1-ethyl-3methylimidazolium hexafluorophosphate, as an ionic
liquid support, for epoxidation of olefins [4]. The
solubility of hydrogen peroxide (oxidant) and catalyst
in the ionic liquid and easy separation of the products
by extraction are the main advantages of their oxidation
system. Shi et al. reported two new inorganic–organic
hybrids, based on Co(II) and Ni(II) for oxidation of
styrene [5]. Recently, Uozumi and Osako reported
the epoxidation of olefins by ruthenium-exchanged
hydroxyapatite in the presence of O2 [6]. Among the
various catalysts reported for epoxidation of olefins,
Mo6+ complexes have distinct advantages such as
stability, commercial availability and environmentfriendliness in catalysis of epoxidation reactions [7-9].
Despite high reactivity, insufficient chemical and
thermal stability of catalysts and catalysts recycling are
two main difficulties of homogeneous catalysts. These
problems may be solved by supporting homogeneous
catalysts on polymers [10], metal oxides, and in
particular different nanomaterials [4,11,12] which have
attracted increasing attention in recent years. Among the
inorganic materials used for this purpose, functionalized
MNPs exhibit the advantages of biocompatibility, easy
recovery by magnetic separation, thermal stability,
large surface area and high capacity of active sites for
loading [13].
Birhodanines, as an interesting group of rhodaninebased derivatives, can be synthesized through various
routes [14]. Applications of these organic heterocycles
have been extended across numerous fields such as
dyes [15], transistors [16], catalysts [17,18], polymers
and nanocomposites [19]. The coordinating ability of
birhodanines with different metallic ions has also been
noted, since they have several potentially coordinating
sites in their structure [20-25].
Following our reported approach to simple, solventfree and one-pot synthesis of birhodanine compounds

[26,27] and considering the coordination ability of
rhodanine ring toward metal ions, in this study a
birhodanine containing silane compound, TMOSBIRD, is synthesized and used for silylation of a
MNPs surface. Complex MoO2Cl2(dmf)2 is one of the
solvent adducts with the general formula MoO2X2(S)2
(X = F, Cl, Br; S = thf, dmf, dmso, CH3CN, H2O). It
has been used in several organic transformations such
as epoxidation of olefins, oxidation of alcohols, and
reductive cyclization of nitrobiphenyls and nitrostyrenes
to carbazoles and indoles [28]. In this regard, Monteiro
et al. investigated the use of MoO2Cl2(dmf)2-supported
on MCM-41 for epoxidation of olefins [28]. Our
prepared catalyst showed a similar conversion for
epoxidation of cyclooctene (~97%), but within a shorter
reaction time with respect to the MoO2Cl2(dmf)2supported on MCM-41. The influence of reaction
conditions such as amount of catalyst, reaction time,
substrate:oxidant molar ratio temperature, type of
oxidant, temperature, and solvent was investigated for
epoxidation of cyclooctene as the model reaction. The
catalyst performance for epoxidation of various olefins
in the presence of t-BuOOH under optimal conditions
is shown, and the catalyst was recovered by simple
magnetic decantation upon completion of the reaction.
To the best of our knowledge, the present work is the
first report on rhodanine derivatives as a magnetically
supported ligand for catalytic application.
2. Experimental
2.1. Instruments
The FT-IR (KBr) spectra were recorded on a
PerkinElmer RXI spectrophotometer. NMR spectra were
obtained on a Bruker Avance 250 MHz spectrometer
using tetramethylsilane (TMS). TGA curves were
obtained on a Linseis STA PT 1000 instrument with
the scanning rate of 10°C/min. Atomic absorption
spectroscopy was performed on a Analytik Jena
NovaAA 400. A Philips (X-Pro) X-ray diffractometer
equipped with Ni-filtered Cu-Kα radiation source was
used for XRD measurements at room temperature
with the scanning rate of 1°/min over a 2θ range of
10–80°. The TEM image of the silylated nanoparticles
was obtained on a Philips EM208. Dispersing of the
nanoparticles was done in an ultrasonic bath (Parsonic
7500S). A vibrating sample magnetometer (VSM,
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Maghnatis Danesh-pajooh Kashan Co., Iran) with
a maximum magnetic field of 10 kOe was used for
magnetization measurements at room temperature.
The multi point N2 adsorption/desorption analysis
according to the BET (Brunauer-Emmett-Teller)
method was performed at -197.018 °C using a TriStar II
plus Micromeritics automated gas adsorption analyzer.
Gas chromatography (GC) was used for the oxidation
analysis using Agilent 7890 A. The instrument was
equipped with a flame ionization detector and a capillary
column. The temperature of the column was programmed
between 180 and 200 °C with 2 °C/min rate.
2.2. Materials
Magnetite nanoparticles, MoO2Cl2(dmf)2 and methyl
2- (4-oxo -3-phenethyl -2-thioxothiazolidin -5-ylidene)
acetate (IV) were prepared according to the methods
described in the literature [28-30]. The other chemicals
and solvents were of laboratory grade, obtained from
Merck Co. and used without further purification.
2.3. Synthesis of the silylating birhodanine compound
(TMOS-BIRD)
A mixture of APTMS (0.358 g, 1 mmol), carbon
disulfide (0.304 g, 4 mmol), compound IV (0.616 g, 2
mmol), and a catalytic amount of tetrabutylammonium
bromide (TBAB) (0.128 g, 0.4 mmol) was stirred for
1 h at room temperature under solvent-free condition.
Then, water (8 ml) and dichloromethane (32 ml) were
added, and the organic layer was separated and dried
over anhydrous calcium chloride. Finally, EtOH was
used to recrystallize the crude product in order to afford
0.316 g golden crystals (Yield: 30%). M.p. 205-207°C.
FT-IR (KBr, cm-1): 2927 (m), 1695 (s), 1428 (m), 1349
(s), 1176 (s), 1086 (s), 870 (m), 743 (m), 699 (m).
1
H-NMR (250 MHz, CDCl3) δ (ppm): 7.26-7.31 (m, J =
5 Hz, 5H), 4.33 (t, J = 7.5 Hz, 2H), 4.11 (t, J = 7.5 Hz,
2H), 3.56 (s, 9H), 2.99 (t, J = 7.8 Hz, 2H), 1.70-2.00
(m, 2H), 0.67 (t, J = 7.5 Hz, 2H). 13C-NMR (62.5 MHz,
CDCl3) δ (ppm): 194.2, 166.6, 136.8, 128.7, 127.0,
124.9, 124.3, 50.6, 46.7, 45.6, 33.0, 20.5, 13.7, 6.5.
2.4. Silylation of magnetite and synthesis of MNP@BIRD
To immobilize BIRD on the MNPs, TMOS-BIRD
(0.700 g, 1.3 mmol) was added to the MNPs (0.600 g in
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30 ml) dispersed in a toluene solution of triethylamine
(6.0 ml, 2M) and stirred for 24 h under argon atmosphere
at room temperature. The silylated MNPs were decanted
magnetically, washed with 20 ml of MeOH, re-dispersed
in toluene and washed with MeOH. Removal of any
un-reacted TMOS-BIRD was ensured by repeating the
washing procedure three times, and finally, the silylated
nanoparticles were dried in vacuum [31].
2.5. Epoxidation of alkenes by MNP@BIRD-Mo
Epoxidation of various alkenes was conducted
using MNP@BIRD-Mo as a magnetic heterogeneous
catalyst. Typically, in a round-bottom flask, 9.5 mg of
MNP@BIRD-Mo (1.5 mol%) were dispersed in freshly
distilled cyclooctene (0.5 mmol, 58 µl) in an ultrasonic
bath. TBHP (80% solution in tert‐butylhyroperoxide–
water, 1.0 mmol, 143.1 µl) and internal standard
(1,2-dichlorobenzene, 0.5 mmol) were added, and
the mixture was stirred for 10 minutes at 95 °C under
solvent-free conditions. The catalyst was separated
magnetically, washed with n-hexane dried in a vacuum
oven at 40 °C, and the residue was analyzed by GC to
determine its final oxidation products.
3. Results and discussion
3.1. Synthesis and characterization of MNP@BIRD-Mo
nanoparticles
The silylating birhodanine compound TMOS-BIRD
(VI) was prepared according to Scheme 1. Methyl
2-(4- oxo-3- phenethyl-2- thioxothiazolidin-5- ylidene)
acetate (IV) was simply obtained (58% yield) through
a one pot three component reaction of 4-phenetylamine
(II), carbon disulfide (I), and DMAD (III) in water at
room temperature. It was then further reacted with carbon
disulfide (I) and (3-aminopropyl)trimethoxysilane (V) in
the presence of tetrabutylammonium bromide (TBAB)
under solvent-free conditions at room temperature to
give TMOS-BIRD (VI) [30]. Common spectroscopy
methods were applied to confirm the structure of
TMOS-BIRD. Figs. 1(a) and 1(b) present the 1H-NMR
and 13C-NMR spectra of TMOS-BIRD, respectively. As
Fig. 1(a) shows, the aromatic ring protons of TMOSBIRD appear at 7.20 to 7.40 ppm, while the protons
related to the methylene groups are distinguished with
the expected multiplicities. In Fig. 1(b), the observed
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Scheme 1. Synthesis of MNP@BIRD nanoparticles.

Fig. 1. (a) 1H-NMR (250 MHz, CDCl3), and (b) 13C-NMR (62.5 MHz, CDCl3) of TMOS-BIRD (VI).
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16 signals are compatible with the structure of TMOSBIRD. In the mass spectrum (Fig. 2), a molecular ion
peak appears at m/e = 528.2 (16%).
As Scheme 1 shows, the nanoparticles of MNP@
BIRD were obtained through silylation of MNPs by
TMOS-BIRD. Figs. 3(a) to 3(c) show the FT-IR spectra
of the MNPs, the MNP@BIRD, and TMOS-BIRD,
respectively. In the FT-IR spectrum of the MNP@
BIRD (Fig. 3(b)), appearance of 3030 cm-1 (νs arom.
C-H), 2928 cm-1 (νs CH2), 1696 cm-1 (C=O stretching)
and 1428 cm-1 (CH2 bending) transmittance bands,
along with the rhodanine ring related vibrations at
1350, 1262, and 1176 cm-1, clearly confirms silylation
of the MNPs by TMOS-BIRD. The presence of the
νas Si-O-Si vibrational mode at 1112 cm-1 in addition
to the characteristic peak of magnetite at 588 cm-1 [32]
confirms success of the silylation reaction.
Exposure of magnetic nanoparticles of MNP@BIRD
to a dichloromethane solution of MoO2Cl2(dmf)2 gave
supported Mo6+, Scheme 2. The amount of loaded
Mo6+ (0.80 mmol.g-1; 7.65 wt%) was measured by
atomic absorption spectroscopy. Therefore, the average
surface coverage of the supported catalyst is 2.6 atom
Mo/nm2 based on the metal loading of 0.80 mmol.g-1
and a surface area of 188 m2.g-1 (obtained from the BET
measurement).
Figs. 4(a) and 4(b) show the FT-IR spectra of the
MNP@BIRD and the supported Mo6+ complex,
respectively. As it can be seen, the C=O stretching band
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(a)

Fig. 3. The comparative FT-IR spectra of (a) MNPs, (b) MNP@
BIRD, and (c) TMOS-BIRD (VI).

(b)

shifted to lower frequencies by 34 cm-1 and appeared at
1652 cm-1 along with the C=O frequency of dmf [28].
This can be attributed to weakening of C=O bonds upon
coordination to Mo6+. The adsorption bands observed
at 910 and 950 cm-1 can be assigned to asymmetric and
symmetric Mo=O stretching vibrations with a distorted
octahedral geometry and a cis-dioxo unit [33].
The TEM image of MNP@BIRD supported Mo6+
complex reveals spherical nanoparticles of uniform size
distribution (20-30 nm) as seen in Fig. 5.
Figs. 6(a) and 6(b) present the XRD patterns of the
bare MNPs, MNP@BIRD, and MNP@BIRD-Mo,
respectively. These figures outline the characteristic
peaks of magnetite. Therefore, Fig. 6(a) confirms the
formation of cubic magnetite nanoparticles (JCPDSICDD Copyright 1938, file No. 01-1111) with the

Fig. 2. Mass spectrum of TMOS-BIRD (VI).
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Scheme 2. Supporting of Mo6+ complex on MNP@BIRD nanoparticles.

Fig. 4. Portion FT-IR spectra of (a) MNP@BIRD and (b) MNP@
BIRD-Mo.

Fig. 5. TEM image of MNP@BIRD-Mo catalyst.

Fd-3m space group [34]. Furthermore, the crystal
structure of magnetite remained unchanged in the final
nanoparticles, and the diffraction peaks of the supported
catalyst are relatively attenuated due to the coating of
MNPs by an amorphous silica and catalyst supporting,
Fig. 6(b).
Fig. 7 depicts the magnetization curves of the
MNPs, MNP@BIRD, and MNP@BIRD-Mo, and
Table 1 summarizes the results. As it can be seen, the
saturation magnetization values (Ms) of the prepared
nanoparticles are in the range of 52.0 to 78.1 emu.g-1.
The values are less than the values reported for bulk
magnetite particles (92 to 100 emu.g-1) due to the
superparamagnetism behavior that can be observed for
single domain magnetic nanoparticles below a critical
size [35]. The formation of a non-magnetic silica layer
around the MNPs and supporting of Mo6+ complex are

responsible for decreasing the Ms values. Moreover,
small field coercivity of the supported complex (Hc =
29.7 Oe, Mr = 2.4 emu.g-1 and Mr /Ms = 0.05) shows
that the nanoparticles of the supported catalyst are
superparamagnetic [36].

Fig. 6. XRD patterns of (a) MNPs, (b) MNP@BIRD and (c) MNP@
BIRD-Mo complex.
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Table 1. Magnetic properties of MNPs, MNP@BIRD and MNP supported Mo6+ complex.

Sample

Ms (emu.g-1) a

Mr (emu.g-1) b

Hc (Oe) c

Mr /Ms d

MNP
MNP@BIRD
MNP@BIRD-Mo

78.1
69.5
52.0

3.8
3.8
2.4

18.6
36.5
29.7

0.05
0.05
0.05

a

Saturation magnetization. b Remanent magnetization. c Coercive force. d Remanence ratio.

Fig. 9 depicts the energy-dispersive X-ray (EDX)
spectrum and EDX mappings of C Kα, Fe Kα, O Kα, N
Kα, and Mo Lα of the supported Mo6+ complex. This
experiment revealed the presence of the mentioned
elements in accordance with the chemical composition
of the catalyst.
3.2. Epoxidation of olefins

Fig.7. Magnetization curves for the MNPs, MNP@BIRD and
MNP@BIRD-Mo at room temperature.

TGA was used to estimate the quantity of the loaded
Mo6+ complex. Fig. 8(a) shows removal of physically
and chemically adsorbed H2O molecules (from ambient
temperature to 200 ºC) and thermal degradation of
birhodanine moiety from 200-600 ºC by a total mass loss
of about 6.55% for the MNP@BIRD. Under the same
condition, a very distinct mass loss of approximately
13.77% is observed for MNP@BIRD-Mo due to the
thermal breakdown of the complex, Fig. 8(b). The
difference between these two values (Δm = 7.22%) can
be attributed to the amount of complex loaded onto the
MNP@BIRD (7.73% or 77.3 mg.g-1 of MNP@BIRD).

Fig. 8. TGA thermograms (N2 atmosphere, scan rate of 10ºC/min) of
(a) MNP@BIRD, and (b) MNP@BIRD-Mo complex.

The reaction conditions were optimized by focusing
on the epoxidation reaction of cyclooctene (0.5 mmol)
by TBHP (0.5-2.5 mmol) as a model substrate, and
varying the reaction parameters such as catalyst
dosage (7.5-11.0 mg), reaction time (5-10 min),
oxidant:substrate molar ratio (1.0-5.0), oxidant type,
reaction temperature (55-95 °C) and the solvent. Table
2 summarizes the results, and Fig. 10 presents the
details of finding the optimal conditions. The effect of
catalyst loading, reaction time, oxidant/substrate molar
ratio, and reaction temperature were optimized (Figs.
10(a) and 10(b)). The best conversion was observed by
using 1.5 mol% molybdenum (9.5 mg) with the oxidant/
substrate molar ratio of 2.0:1.0 over 10 min (Entry 7,
97.3% yield). TBHP showed the best reactivity among
the investigated oxidants (Entries 7 to 10) at 95 °C
(Entry 7, Fig. 10(c)) and the use of solvents of different
polarities lowered the reaction yields (Entries 14 to 19,
Fig. 10(d)). The conversion was low in the absence of
catalyst (Entry 13). Therefore, 1.5 mol% molybdenum
(9.5 mg), TBHP (2.0. mmol), and absence of solvent
are the optimal reaction conditions for epoxidation of
cyclooctene (1.0 mmol) at 95 °C during 10 min.
After optimizing the reaction conditions, the reaction
scope was investigated by applying the supported Mo6+
nano-catalyst to the epoxidation reaction of olefins.
Table 3 lists the results. As seen, the best conversion
was observed for epoxidation of cyclooctene (Entry 1).
Scheme 3 proposes a possible mechanism for the
epoxidation reaction catalyzed by supported Mo6+
catalyst. As observed, reaction intermediate and
electron donation from the π (C=C) of olefins into the
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Fig. 9. EDX spectrum of MNP@BIRD-Mo complex with the quantitative data. Insets show the (a) SEM image of the catalyst, (b) The
elemental maps of an aggregate using C Kα, (c) Fe Kα, (d) O Kα, (e) N Kα and (f) Mo Lα.

unoccupied σ*(O-O) orbital of peroxo group are noted
in the proposed mechanism [37].
Table 4 presents a comparison of the catalytic activity
of the supported Mo6+ complex in the epoxidation of

cyclooctene to a few catalysts reported in the literature.
Although, the extent of conversion in some cases
are slightly higher than that of our result, with our
reported nano-catalyst the conversion reaches 97% in

Table 2. Optimization of conditions for epoxidation reaction of olefins.

Entry Solvent
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Acetonitrile d
Chloroform d
Methanol d
Ethanol d
1,2-Dichloroethane d
Dichloromethane d

Mo
(mol%)
1.2
1.4
1.5
1.4
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
0
1.5
1.5
1.5
1.5
1.5
1.5

Oxidant
TBHP
TBHP
TBHP
TBHP
TBHP
TBHP
TBHP
NaIO4
H2O2
UHP
TBHP
TBHP
TBHP
TBHP
TBHP
TBHP
TBHP
TBHP
TBHP

Oxidant:
Substrate
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
1.0:1.0
1.5:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0
2.0:1.0

Time
(min)
10
5
5
10
5
5
10
10
10
10
10
10
10
10
10
10
10
10
10

Temperature
(°C)
95
95
95
95
95
95
95
95
95
95
75
85
95
-e
-e
-e
-e
-e
-e

Conversion
(%) a
78
92
95
96
89
95
97
0.0
0.0
4.0
50
77
40
5
13
25
30
40
52

TON b
65.2
67.9
62.5
70.7
58.8
62.6
64.0
0.0
0.0
2.6
33.0
50.9
3.3
8.6
16.4
19.7
26.3
34.2

TOF c
(h-1)
391.0
815.3
750.0
424.0
705.0
751.6
383.3
0.0
0.0
15.8
198.2
305.5
19.7
51.3
98.7
118.4
157.9
205.3

Determined by GC analysis. b Turn over frequency: Turn over number: TON = The number of moles of desired product/The number of
moles of metal active sites. c TOF = The number of moles of reactant converted/(The number of moles of metal active sites × Time in hours).
d
Solvent (1 mL). e Reflux temperature.
a
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Fig. 10. Optimization of the epoxidation reaction conditions (a) Catalyst loading, (b) Oxidant/substrate molar ratio, (c) Reaction temperature
and (d) Solvent. Reaction conditions: cyclooctene (1.0 mmol), TBHP (2.0 mmol), and solvent (1 mL).

only 10 min. The prepared catalyst is more reactive
than MoO2Cl2(dmf)2-MCM-41, MnII-L@CMK-3, and
MoO(O2)2(phox)/Fe3O4 as reported by Monteiro [28],
Mavrogiorgou [12] and Zare [38], respectively. Thus,
the as prepared magnetic catalyst is more effective
than the outlined catalysts for the studied reaction.
Magnetic separation is another advantage of the
reported catalyst.
3.3. Recyclability of the catalyst
Supported catalysts are usually prepared via
complicated and expensive routes. Therefore, recycling
of the used catalyst must be noted from an economical
point of view. In the present work, the reusability
of the supported Mo(VI) complex is checked in
the epoxidation reaction of cyclooctene, as model
substrates. After completion of the reaction the NPs
were easily recovered by simple magnetic decantation,
washed with absolute ethanol, dried in vacuum and reused under the optimal conditions. As can be seen in
Fig. 11, the supported catalyst can be reused at least
three times with only a small loss of catalytic activity
and without any change in selectivity. This experiment

revealed that the obtained supported complex is a
highly active nanocatalyst whichcan be re-used under
the described reaction conditions.
4. Conclusions
In summary, the synthesis and characterization
of a silane compound (TMOS-BIRD) for silylation
of magnetite nanoparticles have been reported.
MoO2Cl2(dmf)2 was then supported onto MNP@
BIRD to give a magnetically retrievable supported
Mo6+ catalyst. The as-prepared magnetic catalyst was
fully characterized by conventional methods and then
successfully used for epoxidation reaction of alkenes
in the presence of t-BuOOH as oxidant under solventfree conditions. The applied catalyst could easily be
retrieved from the reaction mixture through magnetic
separation and then reused.
Acknowledgement
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Table 3. Epoxidation reaction of olefins with TBHP catalysed by the supported Mo6+ complex under solvent-free condition.a

Entry

Olefin

Product(s)

Yield (%)

Selectivity (%)

TON

TOF (h-1)

97.3

100

64.0

383.3

8.0

100

5.3

31.5

22.3

94.0 b

14.7

87.9

4

35.4

100

23.3

139.5

5

12.2

57.0 c

8.0

48.1

5.3

100

3.5

20.9

4.1

100

2.7

16.3

31.0

100

20.4

122.1

60.3

70 d

39.7

237.6

32.3

75 e

21.3

127.2

56.1

100

36.9

221.0

51.2

100

33.7

201.7

1

O

2

O

O

3
O

O

6

O

7

O

8

O

9
O

10
O

HO

11

HO

OH

OH
O

12

O

Reaction conditions: Olefin (1.0 mmol), TBHP (2.0 mmol), Catalyst (1.5 mol%), Temperature (95 °C).
Styrene oxide (94%) is the desired product and acetophenone (6%) is the by-product.
c
Indene oxide (57%) is the desired product and 1H-Inden-1-one (43%) is the by-product.
d
1,2-Epoxy-5,9-cyclododecadiene (57%) is the desired product and diepoxide (1,2-epoxy-5,6-epoxy-9-cyclododecene, 30%) is the byproduct.
e
1,2-Limonene oxide (75%) is the desired product and 1,2-8,9-limonene dioxide (25%) is the other product.
a

b
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Scheme 3. Proposed mechanism for the epoxidation reaction of the olefins with supported Mo6+ catalyst.

Table 4. Comparison of the prepared catalyst with other catalysts for epoxidation reaction of cyclooctene.

Entry Catalyst

Conditions

Time
(min)

Yield
(%)

TON/TOF
(h-1)

Reference

1

MoO2Cl2(dmf)2-MCM-41

TBHP / Solvent-free

360

100.0

91/544

[28]

2

MoO(O2)2(di-tBu-bipy)

TBHP / H2O

24

98

98/4

[1]

3

[MoO2(SAP)]

TBHP / Solvent-free

330

99.0

97/305

[39]

4

[MoO2(L2)]2

TBHP / Solvent-free

240

86.0

346/344

[40]

5

[MoO2(NO2)]2

TBHP / Solvent-free

240

86

346/86.5

[40]

6

MnII-L@CMK-3

AcONH4, H2O2 / Acetone-MeOH

60

50.6

506/506

[12]

7

MoO(O2)2(phox) / Fe3O4

TBHP / Solvent-free

20

100.0

426/426

[38]

8

γ-Fe2O3@NaY

TBHP / CH3CN

9

92

675/75

[41]

9

Ru3+-Exchanged hydroxyapatite

O2 / CH3CN, i-butyraldehyde

2

94

19/9.5

[6]

10

Fe3O4@TMOS-BIRD-Mo

TBHP / Solvent-free

10

97.3

64/400

This work
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Fig. 11. Recycling of the supported Mo(VI) magnetic catalyst for
the epoxidation reaction of cyclooctene with TBHP under optimal
conditions.
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